The phylogenetic position of the recently extinct marsupial ' wolf ', or thylacine ( h lacinus c nocephalus), has been a source of contention in mammalian systematics for nearly a century. Thylacines were endemic to Australasia, but possessed striking anatomical similarities to Oligo-Miocene borhyaenid marsupials of South America. At issue has been whether these features are indicative of common ancestry or convergent adaptation to carnivory. Recent morphological studies have supported both conclusions. Although current marsupial classifications group thylacines with Australian dasyuromorphians, this putative clade is characterized by mostly primitive morphological features. Attempts to determine thylacine affinities with ancient protein and DNA analyses have supported, but not resolved, a dasyuromorphian placement. We report 1546 bp of mitochondrial DNA sequence (from cytochrome b and 12S rRNA genes) and 841 bp of nuclear protamine gene sequence from the thylacine and representatives of all or most other marsupial orders. Phylogenetic analysis of these sequences shows unambiguously that thylacines are members of Dasyuromorphia, and suggests a late Oligocene or very early Miocene divergence of familial lineages.
INTRODUCTION
Anatomical resemblance between the extinct marsupial ' wolf ', or thylacine ( h lacinus c nocephalus), and eutherian dogs (Canidae) is often cited as a striking example of parallel evolution (Strickberger 1996) . Even among marsupials, adaptations to carnivory have frustrated systematists' efforts to infer the thylacine's phylogenetic affinities. Several early workers (Bensley 1903 ; Sinclair 1905 ; Wood 1924) argued that thylacines were most closely related to the extinct marsupial family Borhyaenidae from the middle Tertiary of South America. Others (Matthew 1907 ; Pocock 1926 ; Simpson 1941 ; Patterson 1965) emphasized geography and primitive anatomical characters in placing thylacines close to the Australian family Dasyuridae (a diverse group of shrew-to catsized insectivores and carnivores), with borhyaenids as part of a separate South American assemblage. More recent phylogenetic analyses of anatomical characters have both supported (Archer 1976 ) and rejected (Marshall 1977 ) the possibility of a thylacinidborhyaenid relationship. Although a study of tarsal morphology (Szalay 1982) suggested that thylacines and all other Australian marsupials share a derived (' australidelphian ') tarsus, and that borhyaenids possess the primitive (' ameridelphian ') state, interpretation of this character-complex has been disputed (Reig et al. 1987 ; Hershkovitz 1992) . One of the first molecular paleontology studies (Lowenstein et al. 1981) used radioimmunoassay to compare albumin from dried thylacine tissues to that of other marsupials.
Results of this work supported a thylacinid-dasyurid affinity, but were anomalous in suggesting that the divergence of these groups dates to only 6-10 Ma (thylacine fossils are known from several million years earlier) (Muirhead & Archer 1990) . Reflecting the consensus of these studies, current classifications (Aplin & Archer 1987 ; Marshall et al. 1990 ) place families Thylacinidae, Dasyuridae and Myrmecobiidae (numbats) together in the australidelphian order Dasyuromorphia, and borhyaenids and their thylacosmilid descendants comprise the ameridelphian order Sparassodonta.
One of the earliest ancient DNA studies was an attempt to ascertain the thylacine's phylogenetic affinities on the basis of 94 bp from the mitochondrial 12S rRNA gene. Although sequence data were obtained from only six other marsupial species, parsimony analysis grouped h lacinus with dasyurids. Results of this study were criticized almost immediately, however, on the grounds that so few characters might not accurately reveal phylogenetic relationships (Faith 1990 ; but see Thomas et al. 1990 ; Faith 1991) . A subsequent study (Krajewski et al. 1992) of partial mitochondrial cytochrome b sequences showed that dasyurids are monophyletic with respect to h lacinus, but did not address questions of interordinal affinities and dasyuromorphian monophyly. Indeed, no molecular or morphological dataset has yet provided conclusive resolution of these problems.
A common shortcoming in studies of ancient DNA is that systematic conclusions are based on relatively short DNA sequences from single mitochondrial loci. This limitation can sometimes be overcome, however, by concatenating sequences from short, ancient DNA fragments into longer alignments, and, if possible, obtaining comparable lengths of sequence from nuclear loci. We employed this strategy to address thylacinid relationships, using two mitochondrial genes (cytochrome b, 12S rRNA) and one nuclear locus (protamine) that have been successfully employed in previous systematic studies of marsupials (Krajewski et al. 1992 ; Springer et al. 1994 ; Retief et al. 1995 a, b) . Our comparisons were facilitated by recent publication of cytochrome b alignments for Dasyuridae (Krajewski et al. 1994) and Didelphidae (Patton et al. 1996) , as well as 12S rRNA (Springer et al. 1994 ) and protamine (Retief et al. 1995 a, b) alignments for numerous marsupials.
METHODS
DNA was extracted from thylacine and other tissues, and amplified via PCR, as described in previous reports (Krajewski et al. 1992 ; Springer et al. 1994 ; Retief et al.1995 a, b) . As a result of partial degradation of our thylacine DNA sample, its protamine gene was amplified in two overlapping fragments of approximately 300 bp each. Amplified fragments were sequenced directly using the Sequenase PCR Product Sequencing Kit (Amersham). Consistent with previous reports (Retief et al. 1995 a, b) , we did not observe any sequence ambiguities suggestive of allelism in protamine. We obtained complete sequences of the cytochrome b (1149 bp) and protamine (814 bp) genes, as well as partial sequence of the 12S rRNA gene (397 bp). The 12S rRNA sequence corresponds to the conserved ' universal ' region (Kocher et al. 1989) and includes the 94 bp segment studied by Thomas et al. (1989) . The mtDNA alignment includes 22 species from six marsupial orders (no cytochrome b sequence is available from Microbiotheria), as well as human and mouse outgroups. The protamine alignment includes 31 species from all seven extant marsupial orders, as well as human, mouse and platypus outgroups. Alignments were taken from published accounts (Springer et al. 1994 ; Retief et al. 1995 b ; Patton et al. 1996) and are available on request.
Phylogenetic analyses employed the parsimony criterion as described by Fitch (1971) to obtain the minimum-length tree for informative sites. Protamine sequence evolution includes a substantial insertion-deletion component, and the resulting alignment gaps contain considerable phylogenetic information (Retief et al. 1995 a, b) . For this reason, informative sites in protamine were coded with the ' homologous gap ' strategy of Retief et al. (1995 b) such that collinear gaps, regardless of their length, are treated as equivalent to single base-substitutions. Because mtDNA divergences are relatively high between marsupial orders, transition changes at third codon positions in cytochrome b were removed to mitigate the effects of saturation. Cytochrome b and 12S rDNA are completely linked in the mitochondrial genome, and hence share a single mutation history. We (Aplin & Archer 1987 ) are indicated to the right of species names. ' Caenolestidae ' is a composite of cytochrome b sequence from Lestoros inca and 12S rRNA sequence from aenolestes fuliginosus ; 'Perameles ' is a composite of cytochrome b sequence from P. nasuta and 12S rRNA sequence from P. gunnii. therefore combined these sequences to obtain a single mtDNA phylogeny. Protamine relationships were determined separately, however, to assay the congruence between independent mitochondrial and nuclear trees. Because the mtDNA and protamine trees are reasonably congruent (see below), we combined the alignments for 23 shared taxa and estimated a single phylogeny. Parsimony analyses employed the DNAPARS algorithm of PHYLIP 3.5 (Felsenstein 1992) with four randomized input orders of taxa. The degree of resolution in each dataset was assayed by bootstrap resampling with 400 replicates (Felsenstein 1985) . Alternative trees for each alignment were compared using a nonparametric test for the significance of length differences (Templeton 1983 ) based on the observed standard deviation of steps per character on each tree (Felsenstein 1992) .
We estimated distances among cytochrome b sequences using Felsenstein's (1992) DNAML method (implemented in the DNADIST program of PHYLIP 3.5) with model parameters as follows : equilibrium base frequencies set to observed mean values ; expected transition\transversion ratio l 4 ; relative rates 5, 1 and 55 for first, second and third codon positions of cytochrome b, respectively. The transition bias is the average value observed over all dasyurid comparisons for which sequences are 90 % identical. Rate values are the relative slopes of regression lines for (singlerate) distances at each codon position plotted as a function of overall distance.
RESULTS
Protamine sequences include upstream and downstream flanking regions, two exons and one intron (figure 1). Retief et al. (1995 a, b) reported that dasyurid protamine genes have a 43 bp duplication in their intron that is not found in other marsupial orders (except perhaps the marsupial mole, otor ctes t phlops). This duplication is present and alignable in both thylacine and numbat sequences (figure 1), and is almost certainly a homologous feature shared by all dasyuromorphians. Parsimony analysis of protamine sequences (figure 2) yields a phylogeny in which thylacine, numbat (M rmecobius) and dasyurids form a monophyletic group (Dasyuromorphia) with perfect bootstrap consistency. A tree on which h lacinus is the sister group to American marsupials ( aenolestes, Didelphis and Monodelphis) requires an additional 83 steps and is significantly longer that the shortest tree. Other aspects of the protamine tree for marsupials were discussed by Retief et al. (1995 b) .
Parsimony analysis of the mtDNA alignment also yields a tree on which dasyuromorphians are monophyletic with high bootstrap consistency (figure 3). Trees with h lacinus as sister to didelphids or D A ph logen of the marsupial olf resol ed C. Krajewski and others ameridelphians plus bandicoots are again significantly longer, requiring 53 and 47 additional steps, respectively. Separate analyses of cytochrome b and 12S rRNA sequences also cluster thylacine, numbat and dasyurids together with bootstrap values of 85-97 %. Because protamine and mtDNA analyses recover the same highly resolved ( 90 % bootstrap) nodes, we combined the two datasets for a single treebuilding exercise (limited to the 23 taxa for which both sequences are available). The result (figure 4) again indicates a monophyletic Dasyuromorphia with strong bootstrap support.
DISCUSSION
These data provide the best evidence to date for the phylogenetic placement of thylacines within Dasyuromorphia. The result is not an artefact of short DNA sequences (2360 bp were employed), marginal resolution (bootstrap values are 90 %), failure to evaluate alternative hypotheses (trees uniting thylacines and ameridelphians are rejected by statistical comparison of minimum lengths) or limitation to a single gene tree (mitochondrial and nuclear genes are independent but give the same result). Confirmation of dasyuromorphian monophyly entails endorsement of the view that anatomical similarities between h lacinus and borhyaenids are the result of parallel evolution (Marshall 1977) , an interpretation supported by recent descriptions of anatomically primitive (i.e. less specialized for carnivory) thylacinid genera from the Oligo-Miocene of Australia (Muirhead & Archer 1990 ; .
Aside from albumin immunological similarity (Lowenstein et al. 1981) , support for the monophyly of Dasyuromorphia has been limited to three apparent morphological synapomorphies : reduction of incisor number to four upper and three lower teeth, an enlarged squamosal epitympanic sinus and absence of an intestinal caecum (Aplin & Archer 1987) . The four\ three incisor arrangement, however, is also found in Notoryctemorphia (the marsupial mole has a variable dental formula), and the synapomorphic status of the latter two characters has been cast in doubt by Wroe's (1996 b) reassessment of dasyuromorphian morphology. In virtually all morphological character systems that have proven useful for marsupial systematics, dasyuromorphians show mostly primitive (e.g. basicranial anatomy in all families) or uniquely derived features (e.g. postcanine dentition in myrmecobiids). Thus, resolution of dasyuromorphian monophyly by molecular sequences fills a major gap in the evidential basis for marsupial classification.
Although the reliability of molecular ' clocks ' is uncertain, and few temporal calibration points are available for setting such a clock in marsupials, it is worth comparing rough estimates of thylacine divergence times suggested by our data with those of previous workers. In an earlier study (Krajewski et al. 1993) , we showed that cytochrome b sequence distances (substitutions per site) calibrated with the average mtDNA divergence rate (2 % per million years) (Moritz et al. 1987 ) yielded divergence times for dasyurids that were highly congruent with those estimated from other molecular comparisons (Aplin et al. 1993 ; Kirsch & Springer 1993) . Given this calibration, DNAML distances yield an approximate divergence date of 18-26 Ma between thylacinids and other dasyuromorphians (mean distance is 43.6 %p 7.9 % s.d.). More recently, Springer and Douzery (1996) showed a linear relationship between transversions and divergence time in mammalian 12S rRNA. Using the calibration of Springer et al. (1997) , we obtain an estimate of 18-19 Ma (mean is 18.2p0.5 s.d.) for the divergence between thylacines and other dasyuromorphians. This range may be an underestimate in that the Springer et al. (1997) calibration pertains to the entire 12S rRNA gene, whereas our data are limited to the somewhat more slowly evolving ' universal ' region. However, both cytochrome b and 12S rRNA divergence times are considerably older than the 6-10 Ma date implied by immunological distance (Lowenstein et al. 1981) , and roughly consistent with the age of the oldest thylacinid fossil ( imbacinus, late Oligocene) (Muirhead & Archer 1990) .
Although our demonstration of dasyuromorphian monophyly lays to rest one chronic uncertainty in marsupial systematics, it highlights two others. First, our sequences provide no resolution of the branching order among dasyuromorphian families. The only strong indication of these relationships in previous studies was based on albumin immunological comparisons, which suggested that thylacinids and dasyurids are sister groups relative to myrmecobiids. As noted above, however, the thylacine immunological divergence from dasyurids appears anomalously small. If the dasyuromorphian trichotomy reflects a rapid episode of cladogenesis, longer sequences than those we report will be required to resolve it. The second uncertainty highlighted by our results has to do with borhyaenids. Like previous molecular systematists, we have assumed that living ameridelphians (i.e. didelphids and caenolestids) are legitimate proxies for borhyaenids in addressing the thylacine problem. However, some recent treatments of marsupial paleontology suggest that borhyaenids and other sparassodonts are not phylogenetically close to didelphimorphian or paucituberculate groups (Aplin & Archer 1987) . Indeed, Cabrera (1927) suggested that sparassodonts might be the sister group of dasyuromorphians. Although this is apparently contradicted by the ameridelphian tarsal structure of sparassodonts (Szalay 1994) , it is nevertheless true that the interordinal affinities of sparassodonts, and indeed all marsupials, are extremely uncertain. Our results suggest that analysis of long, multiple, independent gene sequences from living and recently extinct taxa may succeed in resolving such perennially difficult issues in mammalian systematics.
